Oxygen sensing by ion channels  by López-Barneo, Jóse et al.
Kidney International, Vol. 51 (1997), pp. 454—461
ION CHANNELS AND HEME PROTEINS AS OXYGEN SENSORS
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Oxygen is required for the survival of all higher life forms due
to its role in mitochondrial respiration permitting ATP synthesis
by oxidative phosphorylation. Oxygen is also necessary for many
other cellular functions, including the synthesis of steroid hor-
mones or the generation of reactive oxygen species in the macro-
phage defense response. In mammals, 02 diffuses into the blood
in the lungs, is concentrated within the erythrocytes by its binding
to hemoglobin and is distributed throughout the body by the
circulatory system. Arterial and tissular 02 tension (P02) are kept
within restricted limits by short- and long-term adaptative mech-
anisms set in motion by changes in 07 availability due to
environmental or physiological circumstances. An immediate
response to a hypoxic stress is the reflex increase in respiratory
rate resulting from the activation of arterial 02 chemoreceptors.
In these organs, decrements in arterial P02 are translated into
afferent nerve discharges stimulating the brain stem respiratory
centers to produce hyperventilation [1, 2]. Acute regional hypoxia
also produces vasorelaxation of most systemic arteries in an effort
to increase 02 delivery to hypoxic tissues, whereas it constricts
pulmonary resistance arteries, thereby diverting blood toward the
better ventilated alveoli [3, 4]. Besides the rapid functional
adaptations to hypoxia, protracted alterations in 02 availability
also lead to changes in the expression of genes encoding for
various hormones, enzymes, and growth factors [5—8]. One of the
best known examples is the enhancement of the synthesis and
secretion of erythropoietin by the kidney and liver in response to
chronic hypoxemia, which increases the 02-carrying capacity of
the blood by augmenting the production of red blood cells [9].
Despite the paramount importance of the physiologic functions
regulated by 02 tension the molecular and cellular processes
underlying the oxygen-dependent control systems are largely
unknown. With the exception of the recently identified hemopro-
tein involved in bacteria N2 fixation [10], the nature of the 02
sensors is still an enigma. In the past few years it has been
demonstrated that ion channels represent novel molecular entities
participating in 02 chemoreception. It has been shown that the
activity of various kinds of voltage-gated ion channels can be
modulated by 02 and that these channels might play a key role in
several cellular responses to hypoxia.
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02-sensitive ion channels and chemotransduction in arterial
chemoreceptors
The carotid bodies, located in the bifurcation of the carotid
artery, are the main arterial oxygen chemoreceptors in mammals.
The mechanisms underlying the basic transductional process have
remained obscure for decades, but most authors have traditionally
ascribed a central role to the glomus, or type I, cells, which are of
neuroectodermal origin. These cells contain numerous cytosolic
granules rich in dopamine and other neurotransmitters and
peptides, establishing synapses with afferent sensory fibers of the
sinus nerve. Hence, it was widely accepted that glomus cells act as
the primary 02 sensors releasing transmitters that stimulate the
afferent fibers of the sinus nerve in response to low P02 [1, 21.
However, direct proofs for the chemoreceptive properties of
glomus cells have come from patch-clamp experiments demon-
strating that these cells, which were originally thought to he
non-excitable, can generate Na and Ca2-dependent action
potentials [ii, 12] and contain voltage-gated K' channels whose
activity is inhibited by lowering 02 tension [12—15]. More recently,
the simultaneous recording of membrane ionic currents with
patch clamp techniques and of cytosolic [Ca2 '] by microfluorim-
etry, in combination with amperometric detection of dopamine in
single glomus cells, has allowed a detailed characterization of
several 02-dependent responses at the cellular level [16—1 81.
The major electrophysiological properties of rabbit glomus cells
and their dependence on 02 tension are summarized in Figure 1.
One of the most relevant features of glomus cells is that with
depolarizations to positive membrane potentials hypoxia selec-
tively reduces K current amplitude (Fig. IA). In rabbit glomus
cells, this is due to the interaction of 02 with a specific, voltage-
dependent, delayed rectifier K channel of single channel con-
ductance ---20 pS in normal K concentrations [191. As illustrated
in Figure 1B, low P02 decreases the channel open probability
without altering the single channel conductance. The inhibition of
the K current by low P02 is manifested as an increase of cellular
excitability which, as shown in Figure 1C, results in an augmen-
tation of the action potential frequency. Together, these experi-
mental observations give support to the view that glomus cells act
as presynaptic-like elements where the increase in action potential
firing in response to hypoxia leads to Ca2 influx and transmitter
release [16—18, 20].
The role of ion channels in oxygen chemotransduction sug-
gested by the early patch clamp experiments was questioned by
some investigators who proposed the mitochondria as the location
for the 02 sensor and the major source of the Ca2 required for
the hypoxia-induced secretion in glomus cells [21, 22]. However,
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Fig. 1. Major 02-dependent electrophysiological properties of glomus cells. A. Macroscopic inward and outward currents of glomus cells and reversible
inhibition of the outward current by hypoxia (P02 ——20 mm Hg). Control and recovery traces in normoxia (P02 = 150 mm Hg) are shown superimposed.
In this experiment TTX was added to block the Na conductance. B. Single-channel recordings from an excised membrane patch containing at most
one open 02-sensitive K channel. Depolarizing pulses applied from —80 to +20 mV. Ensemble averages indicating the single-channel open probability
in normoxia and hypoxia are from 15 and 22 successive recordings in the two experimental conditions. C. Effect of hypoxia on the firing frequency of
a glomus cell during the first 150 ms after switching from voltage- to current-clamp (indicated by the vertical arrow). Note that low P02 evokes an
increase in the slope of the pacemaker potentials. (Modified from (18, 20, 381.)
recent work done on isolated glomus cells loaded with fluorescent
dyes has firmly established that the increase of cytosolic Ca2
elicited by low P02 depends almost exclusively on Ca2 entry
through plasmalemmal voltage-gated ion channels [16—18]. Un-
der normoxic conditions (P02 —150 mm Hg), the average resting
cytosolic [Ca2] in glomus cells is -—-60 nM and rises to 100 to 800
flM upon acute exposure to environmental low P02 (between 50
and 10 mm Hg) [16]. The parallel time courses of these two
variables (P02 and cytosolic [Ca2]) are illustrated in Figure 2A,
which also includes the signal from an oxygen-sensing electrode
placed near the glomus cell. The elevation of cytosolic [Ca2] in
response to repeated exposure to hypoxia is very reversible and, in
a given cell, highly reproducible (Fig. 2B). Since hypoxia favors
action potential firing in rabbit glomus cells and these cells
contain a large population of voltage-gated Ca2 channels, it can
be expected that those maneuvers that abolish the activity of
voltage-gated Ca2 channels would also eliminate the response to
low P02. In cells subjected to whole cell voltage-clamp, the
current through voltage-gated Ca2 channels reversibly disap-
pears when Ca2 is removed from the external solution (Fig. 2C)
or when 0.2 m Cd2 (a powerful Ca2 tchannel blocker) is added
(Fig. 2D). Thus we also examined the effect of hypoxia in glomus
cells before, during and after exposure to external solutions
lacking Ca21 or with 0.2 ma Cd2 '. These treatments completely
abolished the increase of cytosolic [Ca2J induced by low P02
(Fig. 2 E, F). Brief removal of external Ca21 (Fig. 2E) or addition
of 0.2 mrvt Cd2 to the external solution (Fig. 2F) did not cause
any deleterious action on the cells since the responses to hypoxia
appeared to be normal when the standard external solution was
reintroduced in the chamber.
In summary, the experiments on single, dispersed glomus cells
strongly suggest that 02-sensitive ion channels have a major role
in the sensory function of the carotid body. Ion channels appear to
transduce changes in P02 into a cytosolic [Ca2] signal which
triggers the release of the transmitters that subsequently activate
afferent fibers of the sinus nerve. Glomus cells are known to
contain catecholamines as well as numerous neuropeptides, how-
ever, the putative transmitter that activates the afferent nerve
fibers is still unknown. The participation of 02-sensitive ion
channels in the physiology of the glomus cell is compatible with
other mechanisms, for example, the 02-sensitivity of mitochon-
dna! functions [22], also possibly contributing to chemotransduc-
tion in situations of protracted exposure to very low P02 levels.
Oxygen sensing by ion channels in vascular smooth muscle
cells
Blood oxygen tension is known to be an important factor in the
local regulation of circulation [3, 4, 23]. In most systemic arteries
a decrease of P02 induces vasodilation favoring the perfusion of
02-deprived tissues. This same behavior is also apparent in the
main trunk of the pulmonary artery. By contrast, hypoxia pro-
duces vasoconstriction of the small distal branches of the pulmo-
nary arteries. Hypoxic pulmonary vasoconstriction is critical for
fetal survival because it helps to maintain the high pulmonary
vascular resistance necessary to divert blood through the ductus
arteriosus. In the adult, hypoxic pulmonary vasoconstriction
seems to contribute to the proper regional distribution of blood
flow in the lung, favoring the irrigation of the better ventilated
alveoli [24]. Despite their physiological importance, the mecha-
nisms underlying the vasomotor responses to hypoxia are largely
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Fig. 2. Hypoxia promotes voltage-dependent Ca2 influx and elevation of cytosolic Ca2 in glomus cells. A. Parallel changes of 02 tension in the chamber
and the modification of cytosolic Ca2 in a fura 2-loaded glomus cell. B. Changes of cytosolic Ca2 during repeated exposure of a glomus cell to hypoxia
(H; P02 = 30 mm Hg). C and D. Calcium currents recorded in two patch clamped glomus cells during 8-ms depolarizations to +20 mV from a holding
potential of —80 mV. The 0 mvt Ca2 and 0.2 mvi Cd2 external solutions reversibly abolished the current. E and F. Changes of cytosolic Ca2 in
response to hypoxia (H; P02 = 30 mm Jig) in two unclamped cells bathed in a solution of standard ionic composition or after introduction of 0 mvi
Ca2 (E) or 0.2 mvt Cd2 (F) solutions to block the voltage-gated Ca2 channels. (Modified from [16]; see this reference for details).
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unknown. It has been proposed that hypoxia may cause the
release of vasoactive substances from either the endothelium or
neighboring hypoxic tissues; however, a considerable amount of
work suggests that arterial smooth muscle contractility might be
also under direct control of blood P0, [23—26].
It has been postulated that hypoxic vasorelaxation may be due
to the opening of ATP regulated channels in the smooth muscle
cell membrane [271. In coronary arterial myocytes, exposure to
anoxia or to P02 < 40 mm Hg for several minutes leads to the
opening of ATP-regulated K (KAT?) channels producing mem-
brane hyperpolarization and the closure of voltage-dependent
Ca2 channels [28]. Although KA-ip channels are surely important
for hypoxic vasorelaxation during protracted exposures to ex-
tremely low P02 levels, the existence of other 02-dependent
membrane mechanisms is suggested because the sensitivity of
most arteries to hypoxia occurs without a compromise of energy
metabolism and over a physiologic range of P02 values [29].
Recent work on dispersed arterial myocytes has indicated that low
P02 might cause vasodilation due to the decrease of the cytosolic
[Ca2] resulting from the inhibition of L-type Ca2 channel
activity [30, 31]. This response to hypoxia is illustrated in Figure
3A with recordings of calcium currents obtained from a celiac
myocyte during depolarizing pulses to + 10 mV. The recordings
demonstrate an —40% reversible reduction in current amplitude
upon exposure to low PU2. The current amplitudc—P02 relation-
ship is shown in Figure 3B where normalized current amplitude
(ordinate) is plotted as a function of °2 tension in the chamber
(abscissa). Current inhibition becomes most apparent as the P02
level in the bath falls just below 100 mm Hg. Therefore, the Ca2
channels in our preparations are modulated within PU2 limits
comparable to those previously described to cause vasodilation.
The consequence of a reduction in Ca2 channel activity is the
reduction in voltage-dependent Ca2 influx and, hence, relax-
ation. This type of response is illustrated at the single cell level in
a fura-2 loaded coronary myocyte (Fig. 3C). As in most excitable
cells, exposure to high extracellular K leads to the elevation of
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Fig. 3. Inhibition of voltage-gated Ca2 channels by low P02 in arterial myocytes. A. Macroscopic calcium currents recorded from a myocyte dispersed
from the celiac artery during 15-ms step depolarizations to +10 mV from a holding potential of —80 mV. Exposure to hypoxia (switching from an
external solution equilibrated with P02 —150 mm Hg to another with P02 —20 mm Hg) induces an inhibition in current amplitude. Reversibility is
illustrated by the recovery trace. B. Calcium current amplitude as a function of P02. Current amplitude normalized to the amplitude of the current in
normoxia (ordinate) as a function of P02 (abscissa). Whole-cell currents were elicited with step depolarizations to +10 mV from holding potentials of
either —70 or —80 mV during the development of hypoxia in the bath. Note that the effect of hypoxia is more pronounced just below —80 mm Hg. The
data have been pooled from experiments performed on 3 celiac and 2 main trunk pulmonary myocytes. C. Simultaneous effects of membrane
depolarization and low P02 on cytosolic Ca2 concentration in a coronary myocyte loaded with fura-2. Low P02 reversibly counteracted the rise in
cytosolic Ca2 induced during the exposure to 60 mi external K. The shaded regions indicate the time during which the external solutions were
switched. (Modified from [30, 31]).
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Fig. 4. Schematic representation of various
mechanisms proposed to explain the modulation
of ion channels by oxygen tension. See text for
explanation.
cytosolic [Ca2 I due to membrane depolarization and subsequent
opening of voltage-gated Ca2 channels. This rise of Ca2 could
be reversibly inhibited within seconds of lowering P02. Since
these observations are seen even in the presence of glibenclamide
(5 IM; a blocker of KAT, channels), they reinforce the view that
low P02 modulates voltage-dependent Ca2 influx through an
effect on Ca2 channel activity [31].
In contrast with the hypoxic relaxation of systemic vessels, low
P02 provokes constriction of the pulmonary resistance arteries [4,
24, 32, 33]. Recently, several groups have shown that hypoxia
inhibits the activity of voltage-dependent K channels in pulmo-
nary myocytes and, hence, proposed that hypoxic pulmonary
vasoconstriction could be partially due to the inhibition of the K
conductance, which in turn might lead to depolarization and Ca2
influx [34 —361, a sequence of events similar to that involved in 02
chemotransduction in carotid body glomus cells [20]. Moreover,
myocytes dispersed from pulmonary resistance arteries seem to
contain a higher density of delayed rectifier K channels, which
are those exhibiting sensitivity to P02, than myocytes dispersed
from conduit vessels [36]. Recent data have also demonstrated a
differential distribution and 02 sensitivity of Ca2 channels in
myocytes dispersed from distinct locations along the pulmonary
arterial tree [37]. In proximal conduit myocytes, Ca2 channels
generally behave as in sytemic arteries, exhibiting inhibition by
low P02, whereas an opposite sensitivity (increase in calcium
current amplitude during exposure to hypoxia) is seen in distal
resistance myocytes. Therefore, it seems highly plausible that
hypoxic-induced changes in the K and Ca2 conductances in
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Fig. 5. Modulation of Shaker K'- currents by changes of P02. A. Transfection of CHO cells with Shaker B eDNA leads to the expression of large
macroscopic K'- currents which are recorded with the whole-cell configuration of the patch clamp technique. B. Hypoxia (P02 —20 mm Hg) produces
a reversible decrease in the amplitude of the K'- current recorded during depolarizations to two different membrane potentials.
distal myocytes act concomitantly to enhance the pressor response
of resistance pulmonary arteries to low P02, thus contributing to
acute hypoxic pulmonary vasoconstriction.
Is oxygen sensitivity an intrinsic property of ion channels?
Although the modulation of ion channel gating by 02 tension
was initially thought to be rather specific for a K* channel class
present in glomus cells, it seems now that °2 modulates the
activity of several types of voltage-dependent ion channels located
in different tissues and involved in various cellular functions.
There are several possibilities to explain how low P02 could
influence ion channel activity, though the available data strongly
suggest that the 02-ion channel interaction occurs through a
sensor intrinsic to the plasma membrane that either forms part of
the channels or is a molecule closely associated with them.
Reversible modifications of ionic currents by hypoxia are recorded
in dialyzed cells after blockade of G proteins with GTP-y-S and
with highly buffered cytosolic pH and soluble mediators, such as
ATP or Ca2 [18, 38]. In addition, reversible hypoxic inhibition of
K channel activity is observed in excised membrane patches of
glomus cells and central neurons [38, 39]. Furthermore, changes
in °2 tension produce specific alterations in the kinetic parame-
ters of the channels. In 02-sensitivc ion channels low P02 reduces
current amplitude and slows down the activation time course, but
have little effect on channel closing or inactivation [30, 31, 40].
Therefore, it seems that in all these channel classes common
02-sensing domains exist that similarly influence their gating
properties. The various mechanisms that can be proposed to
explain how 02 tension influences ion channel function are
summarized in Figure 4. One possibility (depicted in Fig. 4, panel
1) is that 02 could directly interact with a specific region of the a
subunits or domains forming their basic structure. For example,
02 could bind reversibly to coordination complexes formed by
metal-protein sites as it occurs in other molecules [411; however,
the structural motifs allowing this chemistry to occur have not
been identified thus far. An alternative scenario is that 02 tension
could be detected by a membrane-associated sensor close to the
ion channel. Such a sensor might be independent (panel 2) or
associated with the channel molecule (panel 3). The case in which
the 02 sensor-K channel interaction is direct or occurs in the
phase of the membrane is the most likely because, as indicated
above, water-soluble mediators, washed-out in excised patches, (10
not seem to be required for the 02-ion channel interaction. It has
been proposed that a membrane-bound NADPH-oxidase could
act as putative °2 sensor that could be coexpressed with the
channels, and depending on the P02 levels, modify the redox
status of specific residues in the channel protein [421. In CHO
cells transfected with eDNA of a recombinant K' channel of the
0 mV
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Shaker family (Fig. 5A), we have observed that P02 appears to
regulate the macroscopic K currents in a similar manner to that
occurring in carotid body glomus cells (Fig. 5B). Since it is known
that CHO cells do not express NADPH oxidase [43], these results
might indicate that voltage-gated, delayed rectifier, K channels
possess intrinsic 02 sensitivity. Although these data must be
considered as very preliminary, they open avenues for future
experimental work.
Concluding remarks
02-sensitive ion channels are more broadly distributed than
previously thought and they seem to participate in several °2
dependent cellular functions. Here we discuss some of the phys-
iologic functions of 02-sensitive ion channels studied in recent
years; however, it is possible that these are only representative
examples of other processes where 02-sensitive channels are
involved. In fact, we speculate that 02-sensitivity might be an
intrinsic characteristic of several ion channel families sharing
common 02-sensing domains. The identification of the structural
motifs involved in 02 sensing by ion channels may help to
understand how cells sense the changes in 02 leading to the
hypoxic regulation of gene expression. It also may lead to the
design of pharmacological tools for a broad spectrum of patho-
physiological conditions.
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